Abstract -We report a theoretical method to obtain the single-bond energy derivative from temperature-dependent Young's modulus and surface tension based on the extension of the recently developed bond-order-length-strength correlation mechanism to the temperature domain. Reproducing simultaneously the measured physical quantities of the Si specimen could reveal the information on the Si-Si single-bond energy. It is shown that the single-bond energy and the response of the stimulus of temperature change can be connected to the bulk properties. Analytical solutions also provide a consistent understanding of the interdependence of these quantities and their commonly atomistic origin as arising from thermally driven bond expansion and bond weakening, which is beyond the scope of conventional approaches.
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Introduction. -The thermally induced change of a property, Q(T ), of a specimen has been indeed a fascinating and long puzzling subject. Unfortunately, comprehension about the atomistic origin of temperature dependence is far from clear. The effect of thermal expansion could play a certain role but it is less understandable as the amount of expansion is around 1% at melting. According to Lindemann's criterion [1] , a crystal lattice will melt if the root of the mean square amplitude of the atoms reaches a certain fraction of the equilibrium atomic distance. On the other hand, the degree of freedom of the temperature could lead to numerical information on certain quantities, if the correspondence between the quantity of concern and the analytical expressions from the observations could be properly established, which is also a great challenge. Here we show that an extension of the recently developed bond-order-length-strength (BOLS) correlation [2] to the temperature domain has enabled us to clarify the atomistic origin of the observations with quantitative information about Si-Si single-bond energy in the bulk at 0 K, for instance.
The thermally driven property change exhibits a plateau at temperatures below 10s K and then approaches a linear form as temperature rises, such as in the case of surface tension [3] [4] [5] , Raman optical redshift [6] [7] [8] [9] [10] [11] , Young's modulus [12] , and band gap expansion [13] [14] [15] . The linear part can be expressed as a scaling relation:
where A is the linearity coefficient and T m the melting point of the bulk specimen. The BOLS correlation mechanism [2] indicates that the termination of lattice periodicity, or bond breaking, causes the remaining bonds of the under-coordinated atoms to contract (from d to d i by d i = c i d) spontaneously in association with the bond strength gain (from E b to E i by E i = c −m i E b ), and hence, localization and densification of charge, energy (∝ E i /d 3 i ), and mass occur on the surface skin [16] , where c i is the coefficient of bond contraction and m the bond nature indicator. The subscript i represents the specific i -th atomic site of concern. Brokenbond-induced bond strain and bond strength gain, or quantum trapping, cause localization and densification of energy, or excessive energy storage, in the surface skin, which not only takes the responsibility for the mechanical properties but also perturbs the Hamiltonian and related properties such as the band gap expansion, core level shift, and the electroaffinity (separation between the vacuum level and the conduction band edge) enhancement. The broken-bond-induced surface strain extends only to atomic layers as confirmed by the size-dependent surface free energy of nanocrystals, nanowires, nanocavities, and related physical and chemical properties, etc [17] [18] [19] . The broken-bond-induced quantum trapping, charge and energy densification has been widely observed using scanning tunneling microscopy/spectroscopy such as is performed in nanoscale Co islands on Au (111) films [20] . Energy and electron densification and localization surrounding under-coordinated atoms have been widely observed as defect states [21] , end states [22] , edge states [23] , and surface states [24] [25] [26] . On the other hand, bond number reduction and its effect on bond strength gain vary the atomic cohesive energy (the product of bond energy and bond number) from the bulk value, which determines the surface chemistry (bond making) such as wettability, diffusivity, reactivity, and the thermal and structural stability such as melting, evaporation, and self-assembly growth. The BOLS mechanism can be applied to the liquid surface as has been found that the spacing between the first and the second atomic layers of liquid Sn contracts by 10% relative to that of subsequent layers [27] .
The main purpose of this work is to provide atomic information about the Si-Si single-bond energy. It is very interesting and meaningful to extend the BOLS correlation mechanism to the temperature domain, which gives us a better understanding of the inter-relation between the atomic bonding energy and the external measurable material properties, such as Young's modulus and surface tension, etc.
Model. -Based on the perspective of the BOLS correlation mechanism, we then extend the analytical expressions to the temperature domain for Young's modulus [28] , and surface tension [4] , as a functional dependence of bond energy, E i , bond length, d i , and coordination number, z i of a specific i -th atom:
where K j is the dimensionless form of the solid size, which is the number of atoms lined along the radius of a spherical dot, a rod, or across the thickness of a thin plate. R j and d 0 denote the radius and the size of an atom, respectively. τ is the dimensionality of a thin plate (τ = 1), a rod (τ = 2) and a spherical dot (τ = 3) nanometers across. γ ij the volume ratio of a certain atomic layer, denoted i. c i is the coordination numbers dependence of the bond-contraction coefficient, extending from the Goldschmidt-Pauling-Feibelman's considerations [2] . The subscript b denotes a site in the bulk interior. With T being involved, the q i for the specific cases are
where m * represent the reduced mass of the pair of bonding atoms. At a given temperature, the magnitude of the cohesive energy per bond is the difference between the binding energy at 0 K and the thermal energy of vibration, and the temperature dependence of bond length are shown as
where T m , α(t) and η 1 (t) are the melting point, the thermal-expansion coefficient and the specific heat per bond, respectively. Note that the η 1 (t) follows the universal temperature dependence of the specific heat of the Debye model, which approaches a constant η 0 when T is much greater than the Debye temperature (hightemperature approximation), such that
From eqs. (3) and (5) the temperature-dependent bulk Young's modulus, the surface tension and the coefficient of thermal expansion α(t) follow:
According to the BOLS considerations,
is the relative coordination number of the ith atom of concern to the bulk value. Considering eqs. (2) and (5) leads to a general expression for the temperature dependence of these quantities:
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Determination of the Si-Si bond energy from the temperature dependence etc.
Substituting eq. (7) into eq. (2), we have the size and temperature dependence of Young's modulus (β = 0, χ = 1, and γ = −3), and surface tension shown below:
Generally, for a flat surface, z 1 = 4, z 2 = 6, and z i 3 = 12, and correspondingly, c 1 = 0.88, c 2 = 0.94, c i 3 = 1. For Si, m = 4.88 [13] . By equilibrating eq. (7) to the revised form of (1), we have the approximation at high temperature of measurement:
Normally, the magnitude of thermal-expansion coefficient α is around 10 −6 K −1 , and it gives less significant contribution to the thermally induced change of the material properties. Therefore, eq. (9) can be approximated as
(10b) If the surface effect is neglected, or for a bulk, z ib = 1, c i = 1, then eqs. (8) and (10) represent the bulk performance. By equilibrating eq. (10) to the revised form of eq. (1), we have the approximation, Results and discussion. -Noticeably, the specific heat in the actual process is under constant pressure, but the difference between C p and C v is less than 3% and no establishment for C p is available in theory, because C p is an experimentally determined quantity that can be expressed as mathematical polynomial.
Based on the analytical expressions shown above, we can reproduce the measured temperature dependence of Q(i, T ) with derivatives of E b (0) by matching the predictions with respect to the measured T -dependence using the E b (0) derived from eqs. (9), (10) and (11) as initial input for refinement. For simplicity, the specific heat approaches a constant under high-temperature approximation. In eqs. (10) and (11), the initial parameter is obtained by fitting the experimental measurement. For a careful comparison of the corresponding data, the constant A and the Debye temperature are tabulated in table 1. Fine tuning of A is necessary because of the difference in the data sources and errors in the measurements. The fitting parameters can be obtained from fitting to the temperature-dependent Young's modulus and surface tension. documented in [29] . Meanwhile, the temperature dependence of the surface tension of silicon specimens is consistent exceedingly well with the above prediction in fig. 2 . The corresponding single-bond energy of silicon is 0.35 eV. Therefore, the ideal fit to the entire curve of the temperature dependence of Young's modulus and surface tension of Si bulk is given in fig. 1 and fig. 2 with information as derived in table 1. Noticeably, fig. 1 is for the solid Si, while fig. 2 is for liquid Si. Physically, the temperature effect for single-bond energy has origin from the specific heat of the single bond. Based on the above theoretical method, we can deal with the single-bond energy considering the temperature effect.
The current model gives a better prediction for the Si-Si single-bond energy at high temperature for silicon specimens. Further, according to eq. (10b), the single-bond energy is not only related to the specific heat and the bulk physical properties, but also to the shape factor, the size, the bond contraction coefficient parameter and the coordination numbers of the specimens. Thus, the highlights of the theoretical method derived from the BOLS correlation mechanism are reliability and the opportunity to predict the single-bond energy of specimens. Importantly, the current model can be suitable for studying the size effect of the single-bond energy of nanoscale materials, which will be investigated in the near future.
Summary. -In summary, an extension of the BOLS correlation mechanism has allowed us to reproduce the measured Young's modulus and surface tension with derivatives of the Si-Si single-bond energy and a consistent understanding of the common origin of the thermally driven property change as arising from bond expansion and bond weakening. This approach should form a general base for correlation between interatomic bonding and the measurable quantities and their temperature dependence.
Thus, we expect the theoretical method to be an approach to understand single-bond energy in general cases. * * *
